Abstract. A chlorophyll-deficient mutant of pea (Pisum sativum) was found as a spontaneous mutation of the variety Greenfeast. Total chlorophyll of the mutant leaves was about one-half that of normal pea leaves per mg dry weight, and the ratio of chl a:chl b ranged from 10 to 18, compared with 3 for normal pea. In each generation the mutant plants gave rise to normal and mutant plants and lethal plants with yellow leaves.
Abstract. A chlorophyll-deficient mutant of pea (Pisum sativum) was found as a spontaneous mutation of the variety Greenfeast. Total chlorophyll of the mutant leaves was about one-half that of normal pea leaves per mg dry weight, and the ratio of chl a:chl b ranged from 10 to 18, compared with 3 for normal pea. In each generation the mutant plants gave rise to normal and mutant plants and lethal plants with yellow leaves.
For a normal pea plant, CO2 uptake was saturated at about 60,000 lux, whereas with mutant leaves, the rate of CO2 uptake was still increasing at 113,000 lux. At 113,000 lux the mutant and normal leaves showed similar rates of CO2 fixation per unit area of leaf surface, but on a chlorophyll basis the mutant leaves were twice as active. Hill reaction measurements on isolated chloroplasts also showed that the mutant chloroplasts werc saturated at higher intensities than the normal, and that the activity of the mutant was at least double that of the normal on a chlorophyll basis.
It is suggested that the photosynthetic units of the mutant chloroplasts contain about half the number of chlorophyll molecules as compared to the normal photosynthetic units.
Electron microscopy of leaf sections of normal and mutant leaves showed that the mutant chloropla,sts oontain fewer lamellae per chloroplast and fewer lamellae per granum. The lethal chloroplasts, which were virtually devoid of chlorophyll, were characterized by an absence of grana.
Previous studies with a mutant of barley (Hordeum vulgare L.) devoid of chlorophyll b indicated that chlorophyll b is not essential for photosynthetic activity in a higher plant (6, 11, 13) . Photosynihetic rates obtained with the mutant plants did not differ significantly from those obtained in normal plants (13) . Hill reaction measurements on isolated chloroplasts showed that the mutant chloroplasts were more active per mg of total chlorophyll if assayed at saturating light intensities, but less active at low light intensities (6) . The mutant chloroplasts were less fluorescent (7) , and their molar ratio of total chlorophyll to cytochrome b6 plus cytochrome 559 was only about one-half of the corresponding ratio of normal chloroplasts (4).
It was concluded from these studies that the mutant chloroplasts have less chlorophyll in their lightharvesting assemblies than the normal chloroplasts, but comparable amounits of the components of the photosynthetic electron transport chain (4 system 2, relative to photosystem 1 (7). This would result in photosystem 2 absorbing a lower fraction of the incident quanta and would account for the lower photochemical efficiency of the mutant clhloroplasts at low light intensities.
Electron microscopy of mutant leaf sections showed fewer grana in the mutant chloroplasts and fewer lamellae per gralnum, in comparison with the normal chloroplast (8) .
In the present studies, we have investigated the photosynthetic properties of a pea mutant deficient in both chlorophyll a and clhlorophyll b, and examined the fine structure of its chloroplasts. The level of total chlorophyll is shown to be lower in the pea than in the barley mutant, and a study of its photosynthetic properties enables a useful comparison with the barley mutant, and the clilorophyll-deficient tobacco mutants of Schmid and Gaffron (18, 19) and Homann and Sclhmid (14) . A study of the relationship between photosynthetic activity and structure in such chloroplhyll-deficient mutants may assist in the elucidation of the molecular organization of the chloroplast. A summary of this work was presented previously (12) .
Materials and Methods
Plant Material. The mutant pea was derived from a comnmercial variety (Pisum sativum, var. Greenfeast) as a spontaneous mutation. The (9) before examination in a Plhilips EM200 electron microscope.
Electron micrographls of the chloroplasts were exanmined for distinctness and resolution of lamellae and 10 each of the mutant and normal were selected. The numbers of single lamellae, groups of lamellae (grana) per clhloroplast, and number of lamellae per group were recorded for eaclh chloroplast and the results analyzed statistically.
Results
Chlorophyll Content of Leaves. The pale-green leaves of the original mutant plant gave an absorp-Lion spectrum at 770 which closely resemlbled the spectrum published previously for chlioroplasts from the barley mutant devoid of chlorophyll b (6) (Fig. 1) , and this agrees reasonably well with the saturating intensities observed previously with spinach and normal barley chloroplasts (6) . In contrast, the mutant clhloroplasts required about 40,000 lux for saturation of NADP+ reduction (Fig. 1) . At saturating intensities, the mutant chloroplasts reduced NADP+ at the rate of 185 1smoles/mg chl X hr, compared witlh 80 ,umoles/mg chl X hr for normal chloroplasts. This 2.2 fold difference in activity for NADP+ reduction on a chlorophyll basis closely duplicates the CO2 uptake results.
When trichlorophenolindoplhenol (TCIP) was used as an electron acceptor however, the muitant chloroplasts were almost 5 times as active in dye reduction as the normal chloroplasts, if assayed at the very highl light intensity of 200,000 lux (Fig. 2) . The other feature of TCIP reduction by the mutant chloroplasts is that it was not possible to saturate the reaction even at an intensity of 200,000 lux. Normal chloroplasts were saturated at abouit 40,000 lux.
Ferricyanide reduction by the mutant chloroplasts was saturated at about 60,000 lux, compared with about 20,000 lux for normal chloroplasts (Fig. 3) . Table IV shows the results of the statistical analysis made on the lamellar counts from the 2 types of chloroplast. The number of grana per chloroplast and the number of single lamellae do not differ significantly, but the total number of lamellae per chloroplast and the number of lamellae per granum are highly significantly lower in the mutant. The number of large grana (with 8 or more lamellae) are also significantly lower in the mutant than in the normal. Fig. 6 is an electron micrograph of a chloroplast from the yellow lethal mutant. It is clharacterized by an absence of lamellae pairing. Ribosomes are abundant within the chloroplast, from whlich it is concluded that the failure of the lethal mutant to synthesize normal grana or to form paired lamellae is not due to an absence of ribosomes.
Discussion
It is interesting to compare our chlorophylldeficient pea mutant with the barley mutant lacking chlorophyll b, described previously (6, 11, 13) , and the chlorophyll-deficient tobacco mutant (SU/Su) studied by Schmid and Gaffron (18, 19) and Homann and Schmid (14) . The mutant barley leaves have about 70 % of the total chlorophyll of the leaves of normal barley plants (6) while the mutant tobacco has about 20 to 30 % of the chlorophyll of the normal tobacco (14) . Our pea mutant leaves with 50 % of the chlorophyll of normal pea leaves are intermediate between the mutant barley and tobacco leaves in their Approximately 50 electron micrographs each of normal and mutant chloroplasts were taken at random and 10 each of normal and mutant clhloroplasts were selected for distinctness and resolution of lamellae. The number ci single lamellae, number of grana and number of lamellae per granum were counted and the results subjected to all analysis of variance. chlorophyll deficiency. Rates of CO2 fixation by the various mutant plants at saturating light intensities, when expressed on a chlorophyll basis bear an inverse relationship to the chlorophyll content of the leaves. Thus, the normal barley plants gave a saturation rate of CO2 fixation which was 70 % of the rate obtained with the mutant barley plants (13) . The normal pea plant gave 46 % of the rate obtained with the mutant pea, and the normal tobacco about 24 % of the rate of the mutant tobacco.
Hill reaction activities at saturating intensities on isolated chloroplasts from barley and pea plants, with NADP+ as oxidant, parallel the CO. uptake rates of intact leaves. The normal barley clhloroplasts exhibited 75 % of the NADP+ reducing activity of the mutant barley chloroplasts on a chlorophyll basis, (6) , and the normal pea chloroplasts 43 % of the activity of the mutant pea. Normal harley chloroplasts reduced ferricyanide at 72 % of the rate observed with the mutant barley, while normal pea chloroplasts had 33 % of the ferricvanidereducing activity of the mutant pea. The inverse relationship between chlorophyll content of the leaves and activity of isolated chloroplasts was obeyed for TCIP reduction by mutant and normal barley (6), but it did not hold so exactly for the pea chloroplasts, where the mutant showed considerably higher rates of TCIP reduction.
The results reported in this paper suggest that the photosynthetic units of the mutant pea chloroplasts contain about half the number of chlorophyll molecules of the photosynthetic units of normal chloroplasts. For the purposes of this discussioni, we choose to define the photosynthetic unit as the minimum assembly of pigment molecules and associated electron carriers required for the transport of an electron from OH-to NADP' (3), rather than as the number of chlorophyll molecules involved in the fixation of 1 molecule of CO, (10) .
In a normal spinach (5) or pea chloroplast (unpublished observations) there is 1 molecule of cvtochrome f per 400 chlorophyll molecules, from which it is concluded that the photosynthetic unit in a normal pea chloroplast contains about 400 chlorophyll molecules. The amount of P-700 supports this conclusion (15) . The 400 chlorophyll molecules are thought to be divided about equally between the 2 pigment assemblies of photosystem 1 and 2 (3) leading to the concept of 2 units each containing approximately 200 light-harvesting chlorophyll molecules.
It is postulated from our present studies that the photosynthetic units (photosystems 1 + 2) of the mutant pea chloroplast contain about 200 chlorophyll molecules. Our recent finding, to be reported in a later publication, that the mutant pea chloroplasts contain twice the amount of cytochrome f, cytochromes b6 and 559, of the normal pea chloroplasts, when expressed on a chlorophyll basis supports this conclusion.
The present studies do not allow a conclusion about the distribution of chlorophyll molecules between the photosystems of the mutant pea cliloroplasts. Our earlier work (6, 7) witti the barley mutant chloroplasts suggested that photosystem 2 of the mutant chloroplasts may contain less pigment molecules compared with photosystem 1. The mutant barley chloroplasts showed a lower photoclhemical efficiency at low light intensities (6) and lower quantum yields of fluorescence (7) than the normal barley chloroplasts. The Hill reaction curves (Figs.  1, 2, and 3 ) in the present paper do not show the cross-over points shown by the barley chloroplasts at 10 to 20 X 103F lux (6) but the ratio of the Hill activity of mutant and normal chloroplasts decreases as the light intensity is lowered. At the lower intensities the ratio is less than 2, which suggests that the quantum efficiency of the Hill reaction in the mutant chloroplasts is lower than that for the normal chloroplasts. Experiments are in progress to determine the quantum efficiencies of the mutant and normal pea chloroplasts in monochromatic light of low intensity. The higher saturation intensities observed with the mutant pea are considered to be due mainly to the lower chlorophyll content of the mutant's photosynthetic units, although a disproportion of chlorophyll between the photosystems would also be expected to increase the saturation intensities.
The structural differences between the normal and mutant pea chloroplasts particularly in respect to the number of grana per chloroplast are less than for the normal and mutant barley. The pea is more deficient in total clhlorophyll than the barley, but the barley completely lacks chlorophyll b. The absence of chlorophyll b may impair grana formation or membrane pairing although the presence of grana in the barley mutant shows that chlorophy'll b is not essential for grana formation. The location of chlorophyll within the higher plant chloroplast has not been resolved. Fluorescence microscopy indicates that the red fluorescence of chlorophyll arises mainly from the grana (20) , but this observation does not exclude chlorophyll from the intergrana lamellae, since the concentration of membranes in the grana is so mniclh higher than in the intergrana regions. Some evidence is available wlhich suggests that chlorophyll is tuniformly distributed throughout the internal membrane system of the chloroplast (16 (14) . These areas, however, did contain measurable amounts of chlorophyll a and chlorophyll b, and the chloroplasts, although low in HTill-reactioln activity, were able to photoreduce NADP' if provided ith an artificial electron donor (14) .
